The evaluation of different asymmetric hydrogenation methods is presented: the use of anchored chiral transition metal complexes modified metal catalysts and diastereoselective reactions, partly with chiral synthons. Recent results and perspectives are summarized.
Introduction
Liquid phase catalytic hydrogenation became in the last hundred years a beneficial method among organic chemical processes, applied both in laboratory and in industry. [1] [2] [3] [4] [5] [6] [7] A recent challenge has been the preparation of stereoisomeric compounds, especially that of the optically active compounds even in large scale. The market of optically active drug molecules has been growing rapidly. 8 The possible reduction methods serving this need can be: use of optically active reducing agents, optically active transition metal complexes in homogeneous phase, heterogenized metal complexes or modified metal catalysts in heterogeneous phase, optically active synthons in diastereoselective heterogeneous catalytic hydrogenation, biochemical, namely enzyme catalysis. The advantages and disadvantages of these methods are well known, however the practical usefulness of heterogeneous catalytic reactions is obvious. The ease of separation is characteristic of some transition metal complex catalysed reactions also, which apply water soluble ligands, anchored or encapsulated complexes.
The competition between homogeneous and heterogeneous catalytic asymmetric hydrogenation began more than forty years ago when Izumi and his co-workers discovered the enantioselective hydrogenation of β-ketoesters with tartaric acid modified Raney-nickel. 9 The most significant stages of these processes are the following: The unequal competition is still going on, the number of publications characterises the situation, papers about asymmetric homogeneous catalysed hydrogenations are at least ten times as much as those about heterogeneous asymmetric hydrogenations. The latter papers however indicate a firm development, not only in numbers but in the scope and efficiency of this research.
Twenty years ago, when the research of heterogeneous asymmetric hydrogenation began at our institution, the other groups all over the world working on the same field could be identified easily, nowadays subsequent teams appear on this scene. The researchers use the most sophisticated techniques and molecular modelling to explore the surface phenomena during asymmetric hydrogenations [12] [13] [14] [15] [16] [17] . As a consequence, a breakthrough can be expected, first in understanding of the mechanism, later in the efficiency of enantioselective heterogeneous catalysed hydrogenations. In recent years beside the large number of original papers, several reviews were published about these topics too, with rather different intentions, some of them are detailed and orientating.
In the present paper, in order to extend the former reviews, the different methods of asymmetric heterogeneous catalytic hydrogenation are outlined and compared with each other from the point of view of synthetic utilisation.
Enantioselective reductions

Heterogenized transition metal complexes
The two known methods of heterogenization are summarized well in the books of De Vos et al. 26 and of Cornils and Herrmann: 33 anchoring and phase variation. During anchoring the catalyst is bound by chemical methods to the surface of a support matrix, in phase variation the catalyst is dissolved in water, in a fluorinated solvent or in non-aqueous ionic liquid, which can be separated from the solvent containing the substrate and the product. The so-called biphasic catalysis started with the synthesis of water-soluble ligands, this solubility was achieved by introducing highly polar substituents into the phosphine ligands, like -SO 3 H, -COOH, -OH, -NH 2 . The best known example of aqueous catalysis is the Rh catalysed oxo-process. 42 Water soluble ligands were also applied in hydrogenation reactions, 43 numerous studies were devoted to the enantioselective hydrogenation. [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] Optically active amino acids were prepared from amidoacrylic acid and amidocinnamic acid precursors, usually with lower reaction rates and enantiomeric excesses than in the counterpart homogeneous reactions. A recent review of Dwars et al 34 reports an enhancement of enantioselectivity and activity in the hydrogenation of amino acid precursors in microheterogeneous (aqueous micellar) systems. Immobilisation is feasible through fixation to a support via covalent bonding, these supports can be polymers, inorganic materials. Fixation can be made also by ionic bonding and entrapping in porous materials. A recent method of immobilization was carried out via supported liquids, the catalyst is dissolved in organic low vapour pressure solvents (Supported Liquid Phase Catalysis) or in water (Supported Aqueous Phase Catalysis) and from this solution a thin film is formed on the surface of an appropriate support. 33 Practical application of such catalysts is not known so far, the reasons could be the decreased activity and selectivity, which is often accompanied by the leaching of the metal or the complex. However recent results, reviewed by Crudden et al., 36 show the importance of the application of highly ordered, silica based mesoporous materials, such as MCM-41, SBA-15 and FSM-16, for grafting of phosphines, used as catalysts in enantioselective hydrogenations too. It is always debatable, how the patent literature can be treated in a review of scientific papers, however this information gives an insight into what is going on in the laboratories devoted to industrial research. The researchers of Institut für Angewandte Chemie Berlin-Adlershof issued a patent application about transition metal complex catalyst heterogenization with a surfactant to an ionic polymer. 59 A Ru-BINAP catalyst solution was added to the solution of decanephosphonic acid and NaOH, and the above mixture was added to the solution of poly(diallyldimethylammonium chloride), this viscous liquid was deposited to a polypropylene plate, which was dried and beads were formed from it. The catalysts prepared this way, were used in the hydrogenation of itaconic acid, with 1:1,1 substrate:catalyst ratio (!!). The conversion at 60 o C and 20 bar after two hours was 100%, the ee was 89%.
Tanielyan and Augustine filed two patent applications and received patents 60, 61 for a catalyst, comprising a support, an anchoring agent as a heteropolyacid or anion and a metal complex. The novelty of this anchoring method is that the heteropolyacid binds together the support and the metal of the complex so that no modification of the chiral ligand is needed. They presented some of their results at ORCS conferences [62] [63] [64] [65] [66] about enantioselective hydrogenations. Where the active species are well known Rh or Ru complexes immobilized on supports and have been used in the reduction of amino acid precursors and itaconic acid. If the activity and enantioselectivity data are, however comparable with that of the same homogeneous complexes, a crucial question is the leaching. The authors did not convince the scientific community about the synthetic value of their catalyst, which is indicated by the lack of citation of their work in papers, reviews and books.
Modified metal catalysts
Among the attempts for preparing asymmetric heterogeneous catalysts the most successful was the modification with optically active compounds, these modifiers influenced the selectivity and activity of the catalyst by adding them to the catalyst or to the reaction mixture. 67, 68 These modified catalysts are very specific with respect to the substrate, this means, that the combination of the catalytically active metal and the modifier ensures the enantioselectivity only at a small group of substrates. The most effective heterogeneous catalytic hydrogenating systems are the Ni-tartaric acid, [69] [70] [71] [72] [73] [74] Pt-cinchona alkaloids, Pd-cinchona alkaloids and vinca alkaloids. [75] [76] [77] (Scheme 1) In these catalysts the source of chirality is an organic compound, which adsorbs strongly on the surface of the catalyst and creates a chiral environment for the hydrogenation. The substrates are in interaction simultaneously with the catalyst and the modifier, so give optically active product, through diastereomeric transition surface species. 
Nickel catalysts
A Ni-tartaric acid catalyst was used for the hydrogenation of β-ketoesters, that of in β position functionalised ketones, and of 2-, and 3-alkanones. The Pt-cinchona catalysts are effective in the hydrogenation of α-functionalised ketones, where the substituent has electron-withdrawing effect, the modified Pd catalysts can be applied for the reduction of olefins, with substituents as an acidic group or rich in electrons.
The modified Ni catalyst is prepared rather simply, the freshly activated catalyst is impregnated with the solution of tartaric acid and co-modifier NaBr, which serves for poisoning of the racemic hydrogenation sites. The modified catalyst recognises the re and si face of the substrate and allows the dissociated hydrogen to attack the side facing the catalyst surface. 72 Since the discovery of the so-called Izumi catalyst, several commercialised processes were developed, which utilised this hydrogenation: the reduction of methyl 2-methyl-oxobutirate, 79 methyl acetoacetate, 80 
Platinum catalysts
The Pt-cinchona system for the hydrogenation of α-keto ester hydrogenation was discovered in 1979 by Orito and his co-workers. [83] [84] [85] [86] The chiral modification was carried out by simply adding cinchona alkaloids to the catalyst or even better, to the reaction mixture. The two most frequently applied alkaloids are cinchonidine and its quasi-enantiomer cinchonine, the former induces the formation of (R)-lactate in excess, the other that of the (S)-lactate. Since the first application there was significant progress both in understanding of the mechanism of enantiodifferentiation and in the extension of the scope of this reaction, 87-89 see Table 1 . Among the optimized conditions the characteristic substrate/modifier ratio is between 150-1800, which demonstrates the effective chiral multiplication. In the hydrogenation of ketopantolactone even much larger ratio (296000) was sufficient for the best e.e. The small catalyst and modifier concentrations require the careful purification of the substrate and the solvent. The crucial characteristics of a good modifier are the following:
-a condensed aromatic part for anchoring on the metal surface, -a stereogenic center determining the direction of enantioselection, -a secondary or tertiary nitrogen in rigid, chiral environment, which can interact with the substrate, primarily through its carbonyl group. The role of hydroxy group in cinchonidine is complex, in some cases it is necessary for the bidentate interaction with the substrate, in other cases it has no function.
The hydrogenation of α-ketoesters gained industrial application in the preparation of benazepril, of an ACE inhibition agent, 41 formerly the reduction of the keto-ester, later that of the diketoester was the key enantioselective step.
Palladium catalysts
The first Pd catalysed asymmetric hydrogenations of a C=C bond were the not reproducible experiments with Pd on silk fibroin and on optically active quartz. 100, 101 More successful were the chirally modified Pd catalysts used in the hydrogenation of olefins possessing an electronrich or acidic functional group (scheme 1).
87, 102-107
The best modifiers are natural or synthetic alkaloids (scheme 3). Efficient modification of Pd requires markedly higher modifier/substrate ratio than that of for Pt. The necessary high modifier concentration leads to significant rate deceleration compared to the racemic reaction carried out in the absence of the modifier.
The enantioselective hydrogenation of α,β-unsaturated carboxylic acids is widely studied, because the products of those processes are important intermediates in the synthesis of antiinflammatory agents, such as naproxen and ibuprofen. [108] [109] [110] were developed for the homogeneous phase hydrogenations producing the saturated acids in excellent enantioselectivity (e.e.~99%). 33, 110, 111 The solid catalysts however can be more beneficial due to their technological and economic advantages. The cinchonidine modified supported Pd is a useful solid catalyst in the enantioselective hydrogenation of α,β-unsaturated carboxylic acids. 105 The enantioselectivity strongly depends on the structure of the acid (scheme 4). According to Baiker and his co-workers the feasible explanation for the differences is the double bond migration in the substrate. 115 The cinchona-modified Pd affords good enantioselectivity only if isomerization is slow (internal double bond in the substrate), or this competing reaction is not possible at all (diphenyl substituted alkenoic acid). Using different cinchonidine derivatives, it was realized that the substrate-modifier interaction involves both the quinuclidine N and the OH group of cinchonidine. 116, 117 Another example for the use of cinchonidine-modified Pd is the preparation of ethyl nipecotinate from ethyl nicotinate in a two step procedure (scheme 5). The best e.e. of 24% at 10% conversion was achieved with Pd/TiO 2 and cinchonidine in DMF/H 2 O 1/1 with trace of acetic acid. This was the first case that one could hydrogenate an α,β-unsaturated ester with significant e.e. using a chirally modified heterogeneous metal catalyst.
Muzart and his co-workers used ephedrine as chiral modifier or auxiliary, which provided 19-36% e.e. in the enantioselective hydrogenation of some bicyclic α,β-unsaturated indanone and tetralone derivatives (Scheme 6). These exocyclic α,β-unsaturated ketones can be reduced to the corresponding optically active saturated ketones in the presence of cinchona alkaloids 120 over Pd catalysts. The enantioselectivity is strongly dependent on the solvent and the catalyst. The most efficient system was palladium black, cinchonidine modifier in toluene in the hydrogenation of the (E)-2-benzylidene-1-benzosuberone (e.e. 53.7%). The optimal amount of modifier was 5% w/w with respect to the catalyst in this reaction. Under the same conditions, the enantioselectivity was much lower for the five-, and sixmembered ring containing compounds. These significant differences between the enantioselectivity values can be attributed to the different rigidity and associate-forming ability of the substrate molecules. 121 Another thoroughly investigated reaction over Pd is the hydrogenation of α,β-unsaturated endocyclic ketones. A vinca alkaloid, the (-)-dihydroapovincaminic acid ethyl ester ((-)-DHVIN) was found to be an effective modifier in the hydrogenation of the C=C bond of isophorone 122 affording 55% e.e. of the corresponding saturated ketone (Scheme 7). Cinchona alkaloids were moderately effective (~20% e.e.) An important new application of cinchona modified Pd is the enantioselective hydrogenation of 4-alkoxy-and 4-methyl-derivatives of 2-pyrone. 123 These studies demonstrate that the potential of chirally modified Pd is much broader than has been commonly considered and its efficiency is comparable with those of Pt-cinchona and Ni-tartarate systems. 124 The asymmetric hydrogenation of substituted 2-pyrones has gained increasing interest in pharmaceutical chemistry, due to the importance of the structure of 2-pyrone and its partially hydrogenated derivatives in natural and synthetic biologically active compounds. Hydrogenation of pseudo- The hydrogenation of 4-methoxy-6-methyl-2-pyrone produced the (R) enantiomer of the dihydropyrone with 94% e.e. and 95% chemoselectivity at 80% conversion over Pd/TiO 2 in the presence of cinchonine. 124 This is the highest enantioselectivity reported for any enantioselective hydrogenation over chirally modified Pd. A critical point is the low reactant/catalyst or reactant/modifier ratio. 90% e.e. was achieved with 105 pyrone/CD ratio, but a ratio of 2.1 was necessary to improve the e.e. to 94%. Another novel use of cinchona-modified Pd is the asymmetric hydrogenation of furan and benzofuran carboxylic acids (scheme 9). This catalyst system is moderately effective. 32% e.e. was achieved at complete conversion of furan-2-carboxylic acid to its tetrahydro derivative and 50% e.e. at 29% conversion of benzofuran-2-carboxylic acid to its dihydro derivative. These e.e. values are the highest obtained so far in the asymmetric hydrogenation of furan derivatives. 128 A major limitation of cinchona modified Pd is the competing hydrogenation of the alkaloid modifier, necessitating low substrate/modifier ratios (6.5-22).
atoms, aromatic compounds, with at least two substituents in ortho and meta position, can be hydrogenated forming diastereoisomers. An instructive example is the hydrogenation of thymol, which is important from an industrial point of view also as results in menthol diastereoisomers (scheme 10): catalysts. The primary goal was the preparation of l-menthol, which had been originally extracted from natural mint containing oils. In gas-phase hydrogenation with a nickel catalyst the menthol diastereoisomers are formed in equilibrium concentration, however in liquid-phase with Pd catalyst among basic conditions higher menthol ratio could be achieved. This is perhaps the basis for the industrial scale production of optically active menthol. 130 An excellent summary of stereoselective, within this that of diasteroselective hydrogenations can be found in the book of Bartók et al. 131 Up to now this is the most detailed collection of hydrogenation reactions resulting in diastereomeric compounds. Recently the hydrogenation of 2,2 1 -pyridoin and related compounds was studied in our laboratory. 132 Why is this reaction discussed in this chapter, when pyridoin has an asymmetric carbon, at least formally? 2,2 1 -pyridoin has been clearly established as being 1,2-di(2-pyridyl)-1,2-ethenediol by di(2-pyridyl)-1,2-ethenediol, as proved by titration with Tillmann's reagent. As a matter of fact, in the hydrogenation of 2,2′-pyridoin mainly the saturation of C=C double bond occurs, especially with Pd catalyst. The influence of catalytic metals, catalyst supports, solvents, acid additives, prehydrogenation, and hydrogen pressure on the chemo-and diastereoselectivity was discussed in the hydrogenation of 2,2′-pyridoin. Although hydrogenolysis and ring saturation may occur as side reactions, high chemo-(90-100%) and moderate diastereoselectivity values were achieved. Over palladium black in an acetonitrile-water solvent mixture, the hydrogenation resulted in a meso/dl ratio of 72/28, while in the hydrogenation over rhodium on carbon the meso/dl ratio was 29/71. The phenomenon of diastereoselection in the hydrogenation was explained by the stereochemistry of the hydrogen addition, considering the cis-trans isomerisation on the catalyst surface, the possible enolisation, and the competing C=C and C=O reductions. This hydrogenation also supplied proof, that diastereoselectivity can be tuned by the catalyst and solvent selection, changing parameters, temperature and pressure, as in this reaction both diastereoisomers could be prepared in significant excess.
Reactions of chiral starting compounds
A frequently used method for diastereoselective hydrogenation is the reduction of molecules having a chiral moiety and a prochiral unsaturated part. The chiral moiety is the source of diastereoselectivity caused by asymmetric induction. In an ideal case, after completing the reduction, the chiral moiety can be removed and even regenerated. With the appropriate combination of the chiral synthon, the hydrogenation catalyst and the reaction conditions high optical yields are possible. The important properties of a good synthon, beside strong asymmetric induction, usually accompanied by the small distance between the newly forming and the original asymmetric centre, are easy accessibility, simple removal and regeneration. Optically active compounds, most frequently used as synthons, are carbohydrates, amino acids, hydroxy acids, terpenes and alkaloids.
The induced diastereoselectivity was studied in the saturation of C=C, C=O, C=N bonds, and of aromatic rings, most attention was paid to the preparation of optically active amino acids. In 2003 two reviews were published about diastereoselective hydrogenations written by Kukula and Prins, 39 and Besson and Pinel. 40 Here the recent results with possible practical impact will be summarized. Pan and Sha 133 successfully hydrogenated methacycline to α-doxycycline with a carbon supported 0.4 % Pd catalyst which was poisoned by tetramethylthiourea-quinoline, the stereoselectivity in this C=C hydrogenation, resulting in the methyl group of α-position, was 94.5%. In the hydrogenation of methacycline with the usual Pd on carbon catalyst even chemoselectivity is small, not only the C=C saturation, but ring opening also occurs. Douja et al. 134 hydrogenated 2-methyl nicotinic acid bound to the pyroglutamate chiral auxiliary with different noble metal catalysts, which yielded 26% diastereoselectivity. Tellers et al. 135 developed a preparation method for pure Z-enamines and from these they could carry out the hydrogenation with noble metal catalysts into the corresponding β-amino esters and amides with high diastereoselectivity. (S)-Proline proved to be an excellent homogeneous chiral catalyst in some reactions, for example the Robinson-type condensation of exocyclic α,β-unsaturated ketones. It was suggested that this ability could also be used in heterogeneous hydrogenation. It had been tried in the early 80's, and since then it remained the only method for preparing an optically active product by simple addition of a chiral auxiliary (not modifier!) to the reaction mixture. The hydrogenation of isophorone with Pd/C catalyst, in the presence of stoichiometric amount of (S)-proline, in methanol as solvent at room temperature resulted in dihydroisophorone with enantiomeric excesses up to 80%. After the uptake of one mol of hydrogen the chemical yield of dihydroisophorone decreased significantly and the major product was the alkylated proline (scheme 12). Recently (S)-proline was also used as a chiral auxiliary in the hydrogenation of exocyclic α,β-unsaturated ketones with palladium on carbon catalysts, 138 producing the corresponding saturated ketones with an optical purity up to 20% (scheme 6).
In the case of the exocyclic α,β-unsaturated ketones the zwitterionic form of proline gave the addition and/or condensation product probably in lower concentration, therefore chemo-and enantioselectivity was low (< 10%). In order to increase the reactivity of the (S)-proline, sodium methylate (NaOMe) was added to convert the proline into its sodium salt, in the presence of the
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Page 236 © ARKAT USA, Inc strong base the reduction became chemoselective and gave the saturated ketone in higher optical purity. The efficiency of the (S)-proline chiral auxiliary in the above hydrogenations, both in that of the endo-and exocyclic unsaturated ketones, was limited: the e.e. was low or if it was significant then the chemical yield of the saturated ketone became low because of the reductive alkylation of the (S)-proline. In these asymmetric reactions the hydrogenation step was really diastereoselective, as the reduction of the chiral and simultaneously prochiral condensation intermediates afforded the optically active saturated ketones (after hydrolysis).
About diastereoselective heterogeneous catalytic hydrogenations the following general conclusions can be made:
Diastereoselectivity is determined decisively by the molecular structure of the substrate, the d.e. is larger if the asymmetric center is in a rigid ring and is near to the reducable function.
The d.e. can also be affected if the conversion of the conformers of the substrate is hindered or some of the conformers is stabilized by hydrogen bridges. The catalytically active metal, the support, the solvent influence the diastereoselectivity, in some cases even the configuration of the product. Usually the d.e. is higher in apolar solvents. The lower is the reaction temperature, the higher can be the diastereoselectivity. In the hydrogenation of aromatic compounds achiral amines as catalyst modifiers increase the d.e.
The proline moiety proved to be an effective chiral synthon in several reactions. In that case, if the chiral synthon is easily available, removable, regenerable, the hydrogenation may have a synthetic value even on a larger scale.
Conclusions
In Table 2 there are collected the characteristics of hydrogenation methods resulting in optically active compounds. In spite of that the chirally modified metal catalysts afford the most elegant solution for this purpose, their research and application is minor in comparison with that of the homogeneous complex catalysts. The reason for this can be that such systems are very rare and specific.
For synthetic application the transition metal complex catalysts, especially in heterogenised form offer a good solution, similarly appropriate methods could be the heterogeneous catalyzed diastereoselective reductions if the chiral synthon is easily regenerable.
